Individual trees within a stand of Eucalyptus regnans were found to vary in fecundity and time of flowering. Allele frequencies at three enzyme loci were estimated for the outcross pollen pool taking these differences into account, and were found to vary with time. These frequencies were compared to those estimated using methods that assume allele frequencies in outcross pollen pools are constant throughout a flowering season. For times when the bulk of trees were in flower the allele frequencies estimated by all methods were similar, but early and late in the season they differed dependent on the genotypes of the trees in flower. The demonstrated temporal heterogeneity of allele frequencies did not have a major effect on single locus, maximum likelihood estimates of the level of outcrossing in this population.
INTRODUCTION
Flowering time differences between plants have been found in populations or many species (e.g., Ashton, 1975; Bawa, 1983; Cooper, 1959; Florence, 1964; Frankie et aL, 1974; McNeilly and Antonovics, 1968; Medway, 1972; Stern and Roche, 1974; Westerman, 1971 ). In such populations the potential exists for allele frequencies in the outcross pollen pooi to change during the flowering season as the flowers open at different times may show different genotype frequencies.
Previous authors have discussed this issue (Bijisma et aL, 1986; Friedman and Adams, 1984;  Schoen and Clegg, 1984; Stam, 1983; Stern and Roche, 1974) , but have not attempted to measure the degree of such temporal heterogeneity in specific populations. In this paper a method for taking inter-plant variation in flowering phenology and fecundity into account when estimating allele frequencies in outcross pollen poois is described.
This method is applied to data from a stand of the mass-flowering, preferentially outcrossing and predominantly insect-pollinated forest angiosperm, Eucalyptus regnans F. Muell. Pollen allele frequencies at three enzyme loci are first estimated as a function of time taking into account the differences in flowering phenology and ignoring the differences in fecundity. Frequencies are then estimated taking account of the differences in both phenology and fecundity. These allele frequencies, and associated estimates of the average level of outcrossing for the stand (t), are then compared to those derived by three alternative procedures which assume that allele frequencies are constant throughout a flowering season. MATERIALS 
AND METHODS

Collection of data
The 30 plants studied form a discrete sub-unit of a remnant natural stand at Narracan, Victoria, Australia. The flowering phenology of this stand had been monitored over a number of years and these trees were known to differ in their dates of first, maximum and last flower production (Griffin, 1980) . The flowering time differences between specific trees are consistent over years (Griffin, 1980; Griffin and Fripp, unpublished) . The trees also differed in crown size ( fig. 1 ). The genotype of each tree had been determined previously for a number of loci polymorphic for enzymes present in embryos or newly germinated seedlings (Moran and Bell, unpublished) .
The nearest E. regnans trees to this study group were separated by 85 m at the closest point (see fig. I in Griffin, 1980) and have been shown to flower later than the study trees closest to them (Griffin, 1980) . These trees were assumed to make a negligible contribution to the outcross pollen pooi in the study area. for an alcohol dehydrogenase locus, Ad/i-i, a malate dehydrogenase locus, Mdh-2, and an aspartate aminotransferase (glutamic-oxaloacetic transaminase) locus, Aat-2 (Moran and Bell, 1983) following standard starch gel electrophoretic procedures (Shields et a!., 1983) . For the Adh and Mdh enzymes, embryos from seeds soaked overnight were ground up in buffer and the extracts run on histidine gels (Fripp, 1982; Moran and Bell, 1983) . For Aat, seeds were germinated and extracts from young cotyledons run on lithium borate gels (Moran and Bell, 1983) . The extraction buffers and staining solutions were as described by Fripp (1982) , except that the cotyledons were extracted in 05 M borate buffer pH 90 containing dithiothreitol (1 mg/ml) and polyvinylpyrrolidone (Sigma PVP4OT, 10mg/mi). (Griffin, 1980) indicated that the opening of flowers on a Eucalyptus regnans tree follows a unimodal pattern of few open flowers initially, then a steady increase until the maximum number of open flowers is reached, followed by a decline to few and then zero open flowers. Both the normal and beta frequency distributions were considered as approximations of this process, but the beta was selected for two reasons. Firstly, a beta distribution need not by symmetrical about its mode and for some of the trees studied the number of days from first flower to maximum flowering was markedly different from that for maximum to last flower. Secondly, a beta distribution is defined over a finite range and the parameter values at which the density is to become zero are readily specified.
Thus, J(x), the density of flowers opening at time x for tree i was estimated as:
The allele weighting, A,1, is 2 if tree i is homozygous for allele 41 if it is heterozygous for allele 1, and o if it is homozygous or heterozygous for alleles other than 1.
Allele frequencies in outcross pollen pool of tree i p1(x), the frequency of allele 1 at time x in the outcross pollen pool of tree i was estimated by:
j refers to the tree whose contribution to the outcross pollen pool of tree i is being assessed.
W specifies the relative contribution ofthejth plant to the outcross pollen pool of tree i. W = 0 for j = i. For the present set of data, the other (n-i) W values for each tree (i.e., j i) were set equal to 1 and the assumption made that each tree contributed equally to the outcross pollen of every other tree in the stand. This was necessary as the relationship between pollen dispersion and factors such as inter-tree distance and canopy structure was unknown for this or similar species.
'Mean' allele frequencies in the outcross pollen pool of tree i over an entire season p,,, a single allele frequency summarising the occurrence of allele I in the outcross pollen pool of tree i over its entire fertilisation period was estimated by:
f(x) was the density of flowers opening on tree i at time x (estimated using equation (1)).
p,1(x + 0), estimated using equation 4, was the frequency of allele I in the outcrossing pollen pool of tree i at the time (x+ 0) when the stigmas in the flowers opening at time x were receptive. where k, is the constant F(a+/31) (2) where
and F(.) is the gamma function. f(x) is defined to be zero for all x values a1 or b1. a, and b, were estimated as three days before (a,) and after (b1) open flowers were first and last seen on tree i. a-and f3 are positive shape parameters. A beta distribution is symmetrical about its mode when a, = f3, skewed to the right for a-> /3-, and skewed to the left for a </3, (Johnson and Kotz, 1970) . The mode (y1) off,(x) is:
Estimation of a and /3,: The observed date of maximum flowering for tree i was the mode (y,) of the beta distribution fitted to tree i. This value and a, and b, were substituted into equation 2, and the /3, values corresponding to a, values ranging from I to 4 calculated. (A value around 2 for a, was suggested by graphs in Johnson and Kotz, 1970 Pollen allele frequencies at time (x) for the entire population P1(x), the frequency of allele 1 at time x in the total pollen pool of the stand was estimated as:
f(x) = flower density at time x for tree i. n = number of trees in the population. m = number of alleles. N1 = total flowers on tree i.
A,1 = allele weighting of tree i for allele 1.
where; Eucalyptus regnans is protandrous with stigmas receptive approximately 10 days after anthesis (Griffin and Hand, 1979) . Flowers opening at time x would have been pollinated by the pollen pool present at day (x+ 10). Thus, a 0 value of +10 was used. (0 would be zero for species where stigma receptivity and pollen release occur simultaneously, and negative for protogynous species.) Numerical integration was used to calculate the above integral.
3. Comparison with other methods of estimating allele frequencies in outcross pollen pools
The pollen allelel frequencies estimated for the stand as a whole using the above formulae (methods 4 and 5 below), were compared to those from three other procedures.
Summary of the methods Allele frequencies in the outcross pollen pooi were estimated:
(1) From a maximum likelihood analysis for jointly estimating pollen allele frequencies (ps) and level of outcrossing (t), assuming a mixed mating model (Brown et al., 1975; Clegg eta!., 1978) . The data used were the observed (5) As for method 4 but taking the estimated fecundities of the trees (Ni) into account.
(Parent Genotypes + Phenology + Fecundity).
Methods 1, 2 and 3 assume that the allele frequencies are the same throughout a flowering season and thus make the implicit assumption that there are no flowering time differences between genotypes. Method 3 also assumes that the proportional contribution of each tree depends directly on its relative fecundity. Methods 2 and 4 both assume that each tree contributes the same number of pollen grains to the pollen pool. For methods 4 and 5, the "mean" frequency (pu) estimated from equations 1, 4 and 5 was used in estimating the population t and in predicting genotypic frequencies in the 19 progeny arrays. For the Mdh-2 and Aat-2 loci x2 goodness-offit tests were then carried out on the observed and predicted (expected) progeny data. The data for the Adh-1 locus contained numerous very low expected numbers of progeny (<1) and were thus not suitable for x2 analysis. For this locus, the five methods were compared using the total log likelihoods over all 19 trees (Kendall and Stuart, 1961) .
The Mdh-2 locus has only two alleles and the frequency of heterozygotes in the progeny of heterozygous maternal trees is thus expected to be 05 (see Brown et a!., 1975) . Hence, for the heterozygous trees, the x was partitioned into two one x testing the null hypothesis that heterozygotes:homozygotes= 1:1, and the other testing that the ratio of the two homozygous genotypes was as expected from the allele frequencies. Only the latter x was included in the final pooled x2.
Allele frequencies in the outcross pollen pool of plants whose flowers open and are fertilised outside the main flowering period of a population are likely to differ from those for the rest of the population (Stern and Roche, 1974) . In this protandrous species this prediction applies to the late flowering trees. Thus each total x2or log likelihood was partitioned into two subtotals, one for the five "late" trees (3, 14, 20, 22, 26) and one for the "bulk" of the trees sampled.
In all analyses there were equal numbers of progeny from each tree. The numbers per tree were 66,65 and 60 for Mdh-2, Adh-l and Aat-2, respectively.
RESULTS
Fecundity and flowering pheno/ogy
The 30 trees differed markedly in fecundity, the estimated number of flowers per tree varying from 500 to 14x 106 ( The frequencies estimated using methods 1 to 3 are also shown. For the Mdh-2 locus, the estimated frequencies taking phenology into account (methods 4 and 5) varied during the flowering season (fig. 4) . For example, with method 5 the estimated frequency for the common allele (Mdh-2-1) commenced at 0.5 around day 12, increased up to 091 at day 30, then decreased back to 05 and remained there from about day 75 until flowering ceased. From day 25 to day 60 approximately, however, the frequencies did not differ substantially from the estimates of 084, 080 and 085 for methods 1, 2 and 3 respectively. From fig. 3 it was estimated that 80 per cent of all flowers opened and that 71 per cent of all stigmas were receptive in this 35 day period. Thus for times when the bulk of pollinations would have occurred, all five methods gave similar estimates of the allele frequencies in the total outcross pollen pool of the stand.
For the Aat-2 locus, the frequencies estimated using methods 4 and 5 changed with iime but the changes were minor from day 20 to day 70 approximately when the bulk of pollinations would have occurred ( fig. 5 ). All methods led to similar allele frequencies for ths main flowering period.
For the Adh-1 locus, the estimated allele frequencies in the outcross pollen pool from methods 4 and 5 ( fig. 6 ) also changed during the season, with only the common allele present in the pollen after day 65. However, the major differences found at this locus were associated with taking into account the estimated fecundities of the trees. Allowing for fecundity gave very high frequencies for allele 1 (0.97-1.0) throughout the season; ignoring fecundity gave frequencies of 0'9 or lower for the main flowering period.
Estimates of t For the Mdh-2 and Aat-2 loci and all methods of estimating frequencies, the maximum likelihood estimates of t were reasonably consistent with a median value of 055 (tables 2 and 3). For Ad/i-i, the estimates differed markedly between methods (table 4). The ifrom methods 3 and 5 were comparable to those from the Aat-2 and Mdh-2 data.
Those from methods 1, 2 and 4, which gave higher frequencies for the rare allele Adh-1-2, were considerably lower. . The curves show the estimated frequencies when account was taken of differences between trees in phenology (method 4, dashed curve) or both phenology and fecundity (method 5, solid curve). ) and 3 ( -) The curves show the estimated frequencies when account was taken of differences between trees in phenology (method 4, dashed curve) or both phenology and fecundity (method 5, solid curve).
Fit of observed and predicted progeny arrays
For the Mdh-2 data, taking the flowering time differences among trees into account led to significantly smaller total x2 with significance probabilities of 005 (method 4) and 0.14 (method 5)
compared to values 0004 for methods I to 3 (table 2) . The improvement was due to better predictions for the progeny of the five "late" trees. For this locus taking estimated fecundities of the trees into account tpgether with their differences in flowering phenology further improved the predictions. Allowing for fecundity differences alone as in method 3 led to the best predictions for the "bulk" subgroup of trees, but the total x2 for this method was the largest due to very poor predictions for the late trees. For the Aat-2 data, methods 1, 3, and 4 gave similar total x2 which were slightly lower than those for methods 2 and 5 (table 3). The significance probabilities for all five methods were extremely small (P <000001).
For the Adh-l locus, the best total log likelihood was obtained using method 4 (table 4).
Methods taking into account the estimated fecundities of the trees led to poorer predictions.
DISCUSSION
The present results, in particular those for the Mdh-2 locus, demonstrate that flowering time differences between plants may lead to temporal heterogeneity of pollen allele frequencies during a flowering season. In this Eucalyptus regnans stand the allele frequencies in the outcross pollen pool at times when the bulk of trees were in flower were different from those early and late in the season.
For Mdh-2 and Adh-1, the allele frequencies estimated taking flowering phenology into account gave predictions of genotype frequencies in progeny arrays that were better than those estimated from alternative methods which assume that allele frequencies in outcross pollen pools remain constant throughout a flowering season (tables 2 and 4). For the Aat-2 locus no predictions were good, but those when flowering phenology was taken into account (method 4) were best together with those from methods 1 and 3 (table 3) .
For the Mdh-2 locus, taking the fecundity differences between the trees into account as well as their flowering time differences further improved these predictions ( * Maximum likelihood for the particular set of allele frequencies. t Significance probability for the above x2. t Significance probability for the above x2. and Adh-l, however, taking account of fecundity as well as phenology led to larger x2 or log likelihood totals (tables 3 and 4). Examination of the or log likelihood values for individual trees indicated that these increases were due to poorer predictions for a group of small trees with much higher than average frequencies of the less common Aat-2-1 and Adh-1-2 alleles. Because the relationship between level of gene dispersion and actors such as inter-tree distance is not known for forest species such as Eucalyptus regnans, it was assumed in the present analyses that the contribution that a tree made to the outcross pollen pool of any other tree was independent of the distance between the trees (i.e., 1'V, = 1 in equation (4)).
When differences in fecundity between trees were taken into account under this assumption, the genes these small trees contributed to each other's outcross pollen pools were swamped by those from the highly fecund trees some distance away which were homozygous for the common alleles Aat-2-2 and Adh-2-1. W values that take into account spatial relationships of the trees would allow more realistic treatment of fecundity differences than was possible here.
Spatial heterogeneity of allele frequencies in the outcross pollen pool of a population has been shown to lead to underestimates of t using single locus estimation procedures (see Brown et aL, 1985; Ennos and Clegg, 1982) . Temporal heterogeneity of pollen allele frequencies might also lead to biased estimates of t, and Bijisma et a!., (1986) have recently suggested temporal heterogeneity as one possible reason for the lower I observed for two enzyme loci in their study of an open-pollinated population of maize. The effect of the present temporal heterogeneity on the estimation oft was examined for the Mdh-2 and Aat-2 loci by making single locus maximum likelihood estimates of t separately for the five "late" trees and the other 14 trees sampled. The Adh-1 data were excluded because all the late trees were the same genotype (Adh-1-1 Adh-1-1) and because of the extreme spatial heterogeneity of the distribution of Adh-1 genotypes in this stand. For the Mdh-2 locus, t estimates of061 069±006 and 056±0.10 were obtained from all 19 trees sampled, the main group of 14 trees, and the five "late" trees, respectively. For the Aat-2 locus, the corresponding estimates were 053 005, 054 006 and 057±0l1. This separation of the trees into two subgroups based on their flowering times did not lead to consistent nor significant changes in t. Thus there is no evidence in these data of biased single-locus t estimates due to the demonstrated temporal heterogeneity of allele frequencies.
The trees studied here, and stands of Eucalyptus regnans in general, have a single flowering period each year (Ashton 1975; Griffin, 1980) Without further studies the present conclusions are clearly only applicable to the particular distribution of flowering characteristics found in this stand of Eucalyptus regnans. Many plants have more irregular or protracted flowering periods than E. regnans. For populations of these species the biasses introduced by the assumption that the outcross pollen pool is constant throughout the flowering season might be more severe than indicated here.
Making observations on the relative flowering times of individual plants when carrying out studies of mating systems or gene flow in populations is recommended. This would enable plants that flower at different times to be recognised, and the differences in flowering times taken into account when sampling the population and analysing the data.
